We examine the resonant activation of a current-biased Josephson junction near the crossover temperature in order to show the way in which the device transitions from the classical regime to the quantum regime. We use microwaves to probe the quantum energy states that exist in the potential well. The quantum features are visible until the junction is heated up to the crossover temperature, at which point the line widths of the energy levels overlap and become indistinguishable from one another. When well above this temperature, the junction behaves classically when resonantly activated with microwaves.
INTRODUCTION
The superconducting Josephson junction is a solid state device, consisting of two superconductors separated by a weak link. Since its development, the junction and circuits containing it have played significant roles in both basic physics and applied technology [1] . Its dynamics, as a function of the macroscopic phase difference across the junction, are described by a washboard potential. When cooled to sufficiently low temperatures and electrically isolated, these devices exhibit quantized energy levels within its potential well. The Josephson junction has already received a great deal of attention when operated at temperatures in the quantum regime. They have been tested for quantum mechanical features such as energy level spectroscopy [2, 3] , Rabi oscillations [4, 5, 6] , time evolution of quantum states [7, 8] , and quantum entanglement [8, 9, 10, 11, 12, 13, 14, 15] . However, if the temperature is high enough, the junction will behave in a classical manner. In this paper, we will investigate what happens when the junction is between these two sets of conditions.
We will examine the crossover between the quantum and classical behavior of the Josephson junction [16, 17] . To do this, we perform spectroscopic experiments by applying microwave signals to the junction, and observing the switching events to the finite voltage state. Based on experimental results, we find that the system behaves in a way that exhibits both quantum and classical properties. Specifically, we present data near the crossover temperature demonstrating the transition between quantum and classical behavior.
THEORY
The Josephson junction can be modeled by the RCSJ model, as represented by Fig. 1(a) , where R is the total parallel shunt resistance of the junction, C j is the junction capacitance, I b is the bias current through the At sufficiently low temperatures only the lowest states are populated and thermal escape out of the well is minimized due to a lack of thermal energy. In this quantum regime the primary escape mechanism is tunneling through the barrier. Higher energy levels will escape at higher rates. Therefore, if microwaves are applied at the resonance frequency, ω01, the first excited state will become populated, and an enhancement in the escape rate will be observed. (c) At higher temperatures, more energy states become populated, causing the system to exist in a superposition of energy states, allowing it to behave as though there was a continuum of energy states. Under resonant activation this system can behave classically.
junction, and I 0 is the critical current [18] . The dynamics of the current-biased Josephson junction is governed by the washboard potential, U (γ) = − Φ0 2π (I 0 cos(γ) + I b γ), as shown in Fig. 1(b) , where γ is the phase difference across the junction, and Φ 0 = h/(2e) = 2.07x10 −15 Wb is the flux quantum. For I b < I 0 the system's phase is trapped in the potential well, resulting in a zero voltage drop across the device. Analysis of the classical behavior of the device involves a 'phase particle' that is trapped in the well which oscillates with a plasma frequency [19] 
In reality, the classical system is still comprised of quantum energy levels, but with enough thermal energy to smear the state population amongst several levels. With a large number of superposition states, the junction will effectively have a continuum of energies and behave classically. If the system is cooled down to very low temperatures, the range of energies that the junction can attain due to a superposition of thermally excited states, decreases, ultimately approaching a set of quantized energy level states. From the quantum perspective, metastable energy states exist in the well. The energy spacing between the ground state, |0 , and the first excited state, |1 , will depend on the barrier height. The spacing may be approximated by [20] 
EXPERIMENT Spectroscopy was performed by linearly ramping the bias current through the critical current and detecting the switching event from the zero voltage state to the finite voltage state. This procedure was repeated on the order of 10 4 to 10 5 times. Histograms of the switching events were produced. To prepare the junction in its ground state, it was cooled in a helium dilution refrigerator with a base temperature of 18mK. The device was enclosed in an aluminum sample box which becomes superconducting below 1 K, shielding the junction from external magnetic fields. It was further enclosed in a Cryoperm 10 cylinder from Amuneal Manufacturing Corp. to shield the sample from DC magnetic fields. The current bias line of the junction was thermalized and heavily filtered down to a frequency of about 16MHz using 3 meters of Thermocoax wire, and home-made LC and copper powder filters. At room temperature, low-noise amplifiers and a Schmitt trigger powered by batteries were used to detect switches to the finite voltage state. These electronics were placed atop the cryostat of the dilution refrigerator, which was all enclosed in a copper fabric shroud to electrically shield ambient RF noise. Detection electronics were isolated using a fiber optic cable that transmitted a TTL pulse for each switching event detected. Microwaves were coupled via an antenna in the sample box, suspended above the junction. A 30db fixed attenuator was used to thermalize the microwave line.
Data was taken at various temperatures ranging from 18mK to 2.5K. Some data taken at base and elevated temperatures can be seen in Fig. 2 . The microwave frequency used to excite the junction was tuned as the temperature increased in order to maintain a visible resonance. As the temperature increases, the histogram peaks shift to the left due to the increase in thermal noise that causes premature escapes from the washboard well. 
HIGH TEMPERATURE RESULTS
In order to analyze the data, we must first find the parameters of our system [21] . For our junctions, C j is about 5pf. We use theoretical fits in order to find R, I 0 , and T . In the limit that the system is above the crossover temperature T ≡hω p0 /2πk b , the total escape rate is governed by the equation [22] 
where
2 is a factor that takes into account population depletion for energies above the barrier height [23] , and Q = ω p RC is the quality factor. For each temperature, the escape rate Γ BHL is fitted to the data with no microwaves. In order to find the best fit, the values for R, I 0 , and T in Eq. (3) were iterated through a range of values, providing a set of theoretical data points, P ti , that can then be compared to experimental data points represented by escape counts, P ei . The final theoretical points are plotted with the experimental data in Fig. 2 . For each iteration, the quality of the fit was determined by the equation [24] :
The best fit was determined by the parameters that minimized χ 2 . However, there are many different combinations of R, I 0 , and T that give similar χ 2 values. It was helpful to have an estimate of at least one of the parameters in order to constrain the system. The iterative technique above can be used to find an approximate range for I 0 that can be used in Eq. (1). Using ω p and the experimental escape rate Γ e we plot (ln[ω p /2πΓ e ])
2/3
as a function of I b for the data at various temperatures [19, 21] . As seen in Fig 3, these plots are linear and when fitted with a least squares line, they intersect at one point. The intersection gives us a more accurate value for I 0 . We found the critical current to be I 0 = 10.06 µA.
FIG. 3: In order to find the critical current for the junction, (ln[ωp/2πΓe])
2/3 is plotted as a function of bias current. The linear fits intersect at the theoretical critical current at about I0 = 10.06µA. This provides a way to constrain the critical current parameter used in the fits. Figure 2 shows the escape histogram data taken at different temperatures, and their fitted curves. The fits predict R = 1670 Ω. This results in a quality factor of Q ≈ 300. Using the critical current derived from the fit, we can find ω p and ω 01 .
The data can then be used to produce escape rate curves for both the RF off, (Γ 0 ), and RF on, (Γ on ) data.
From these, an enhancement graph can be made by taking (Γ on − Γ 0 )/Γ 0 . If the system behaves classically, then the enhancement will not be a Lorentzian, as is the case in a quantum system. Instead, it will have a step-like structure [21, 25] as shown in Fig. 4 . Here, the enhancements for the elevated temperatures from Fig. 2 are plotted. The fitted temperatures are 106mK, 160mK, 212mK, and 252mK, from bottom to top. These elevated temperatures indicate that there is heating at the junction or excess current noise.
The step-like structure comes from the energy levels above |1 having enough thermal population to allow the state of the junction to be described by a superposition of the quantum states. This allows for classical motion of the phase 'particle' trapped in the well. Evidence of this superposition of states is seen in Fig. 4 , where the location of the predicted ω 01 peak is beyond the elbow of the plateau in the enhancement, while ω p is at the elbow. This indicates that the system is in the primarily classical regime, which is expected at these elevated temperatures. Fig. 2 . The location of the ω01 and ωp resonances are shown for each plot. The non-Lorentzian shape is indicative of classical behavior [25] . The step-like structure is caused by the addition of energy via off resonance microwaves. This is allowed due to the superposition of states caused by the higher temperatures, resulting in classical behavior. Otherwise the microwaves would only cause an enhancement when they are resonant with one of the quantum energy level spacings. With significantly large line widths, the enhancement would have the step-like structure, but the elbow would line up with the resonant energy spacing. The elbow in the enhancements shown here clearly line up with ωp, indicating classical resonance.
FIG. 4: Enhancement plots corresponding to the data in

QUANTUM/CLASSICAL CROSSOVER
As the temperature of the device is lowered to the crossover temperature, quantum features begin to appear. In this regime, escape rates from individual quantum energy levels become comparable to the thermal escape rate. To better understand what is happening, consider the junction in its quantum ground state. Here, quantum tunneling dominates the escapes and the enhancement will be a single Lorentzian peak. As the temperature increases, thermal excitations will populate the first excited state enough to allow a second peak corresponding to the 1 → 2 transition. As the temperature is further increased, more peaks will appear, and the switching current peak will broaden. Eventually, these broad peaks will overlap and form the step-like structure that is seen in the case of the classical system. However, the elbow of the enhancement should still be at the ω 01 peak [26] . It is not until the temperature increases further that the system will have enough thermal population in the excited states to form the superposition necessary to allow for classical motion of the phase.
FIG. 5:
Enhancement plots for the data at base temperature in Fig. 2 . As in Fig. 4 , the bias currents corresponding to a resonance with ω01 and ωp are shown. At lower temperatures, the system approaches the quantum crossover, though there is still the step-like structure as before. The key difference is that the elbow of the plot corresponds to the ω01 resonance. Therefore, the step structure is caused by broadened quantum energy levels rather than classical motion. The enhancement peaks for the various excited states are wide enough at these temperatures that they all merge together to form a step. The enhancement then drops off after the junction is biased past the resonance with the final energy state. This indicates that the system is operating near the classical/quantum crossover point. Fig. 5 shows some of our base temperature data taken from the same junction as above. The data was fit to an effective temperature of 101mK, which indicates that the heating, or current noise, has saturated at this point. The crossover temperature is about 100mK, so even with the elevated temperature we are still close enough to the crossover point and expect to see an indication of quantum behavior. The data in Fig. 5 shows the expected step-like features. Clearly, the elbows of the steps are now aligned with the ω 01 peaks, evidence that we are approaching the quantum regime. This indicates that the system dynamics are being governed by overlapping quantum line widths rather than a superposition of energy states.
In conclusion, we have presented experimental data that shows evidence of the crossover from classical to quantum behavior. The first distinctive change that occurs when making the transition is the observed shift of the ω p and ω 01 resonance points. In the high temperature regime, the escape enhancement is governed by the classical plasma frequency. As the temperature is decreased, approaching the crossover point, the enhancement will become governed by the resonances corresponding to the quantum energy level spacings. This provides us with a better understanding of the intermediate steps between quantum and classical behavior. In the future, we hope to provide a more detailed look into the interplay of classical and quantum dynamics in Josephson junctions.
